Abstract: This study reports the synthesis of size-controlled Fe-MFI (Fe-substituted zeolites with the MFI topology) and their catalytic performances for DTO (dimethyl ether-to-olefins) reaction. The amount of HCl and aging temperature were decisive factors to control the particle size of Fe-MFI in the range of 50 nm to 600 nm. The introduction of Fe 3+ ions into the zeolitic framework was confirmed by UV (ultraviolet)-visible spectroscopy. In addition, it was observed that the strength of acid site in prepared Fe-MFI was weaker than that of commercial ZSM-5. With decrease in the particle size, the amount of deposited coke decreased so that the catalyst life for the DTO reaction was well promoted. The present catalysts showed the higher light-olefin selectivity (C 2 = + C 3 = + C 4 = ) than commercial ZSM-5 catalysts mainly due to the suppression of the formation of paraffins; however, the Fe-MFI catalysts were deactivated rapidly because of their low activity for the cracking of alkenes.
Introduction


Light olefins are important raw materials for the production of diverse petrochemicals so that their demands are expected to increase in the future. In recent years, the production of olefins from methanol (MTO: methanol-to-olefins) or DME (dimethyl ether) (DTO: DME-to-olefins) has been focused attention to efficiently use the non-oil resources as the feedstocks of olefins [1, 2] . The MTO/DTO reactions are promoted by solid acids; in particular, microporous zeolites are well known as the catalysts for such reactions. Although zeolites with narrow pores (e.g., chabazite) exhibit high light-olefin selectivity in these reactions, their activities are rapidly deactivated because of the deposition of coke. Therefore, a fluidized bed reactor is mainly used for these zeolites because of the frequent removal of carbonaceous residues. On the other hand, zeolites with medium pores, e.g., MFI-type zeolite (ZSM-5), exhibits poor selectivity for light olefins, even though the amount of coke deposited is less than that by narrow-porous zeolites. Although ZSM-5 catalysts are attractive for fixed-bed processes with a long operating time without regeneration treatments, a further increase in the light-olefin selectivity and lifetime of catalysts are desired for such medium-pore zeolites.
First, the undesired reactions such as hydride transfer or cyclization to fabricate paraffins and aromatics as a by-product should be suppressed so that the selectivity of light olefins in MTO or DTO reaction may be promoted. Since ZSM-5 well catalyzes hydride transfer or cyclization reactions, its pore size or acidity are needed to promote in order to control its reactivity of the present reaction. Inui et al. [6] have investigated, the catalytic activities of a series of MFI-type metallosilicates for the MTO reaction, and Fe-, Pt-, and Co-silicates have showed higher light-olefin selectivity than other metallosilicates. In particular, Fe-silicates showed the lowest selectivity to aromatics so that methanol conversion into light olefins was promoted efficiently. Second, the diffusion of reactants into micropores and/or products from them should be enhanced so as to prolong the lifetime of catalysts. The reduction in particle size of zeolites may result in the decrease in diffusion path length [7] . In the other attempt, mesopores have been introduced into zeolites so as to improve diffusion properties [8, 9] . As a result, their lifetime of ZSM-5 has been reported to promote considerably for the MTO reaction [10, 11] . However, light-olefin selectivity decreased due to an increase in the active sites on the surface of particles or mesopores. Both these approaches have been also applied to the enhancement in the catalytic performances of metallosilicates [12] .
In this study, Fe-MFI (Fe-substituted MFI zeolites) with size precisely controlled have been prepared by hydrothermal method to investigate the effect of diffusion properties on the light-olefin selectivity, catalyst lifetime, and the amount of coke deposited in the reaction of undiluted, or neat, dimethyl ether. The effects of the acid strength of the catalysts on their catalytic properties were also evaluated by comparing the Fe-MFI catalyst with a commercially available ZSM-5 catalyst.
Experiments
The size-controlled Fe-MFI was hydrothermally synthesized with different amounts of aqueous HCl in the precursor solution and preheating time. The established synthesis conditions for the Fe-MFI (labeled F1-F4) are shown in Table 1 . The reaction conditions for F1 were used first, and they were modified by preheating treatments (F2 and F4) solution was stirred for 6 h at 0 C and then stirred for 42 h at room temperature. The solution was added to a Teflon-lined stainless-steel autoclave and preheated at 70 C for 0 h or 24 h and then heated at 160 C for 48 h under vertical rotation (10 rpm). The product was centrifugally washed 5 times with deionized water and dried at 60 C. The organic template was removed by calcination at 540 C for 12 h in air. The resulting powder was ion exchanged by adding aqueous NH 4 Cl and calcined again at 540 C to form Brønsted acid sites.
The product phase was identified by powder XRD (X-ray diffraction) analysis (Rigaku Ultima IV) using Cu Kα radiation from 40 kV to 40 mA. The crystal morphology and size of the resulting samples were identified by FE-SEM (field emission-scanning electron microscope) (Hitachi High-Tech S-4800) after coating the sample with gold. The average reflectance UV (ultraviolet)-visible absorption using a U-3900 spectrometer (Hitachi High-Tech). The obtained reflectance spectra were converted into absorption using Kubelka-Munk function.
The acid site density and strength of Fe-MFI and ZSM-5 catalysts were evaluated by the TPD (temperature-programmed desorption) of ammonia using an instrument equipped with quadrupole mass spectrometer (BEL Japan, Inc., BELCAT). NH 3 (5% in He, 60 mL·min -1 ) was adsorbed on the samples at 100 C for 30 min after treating with He (500 C, 1 h, 60 mL·min -1 ). After the saturation of NH 3 adsorption, the sample was exposed to water vapors (100 C, 4 kPa, 30 min) twice to remove the weakly held NH 3 species, such as hydrogen-bonded NH 3 . The sample cell was heated from 100 C to 700 C at a rate of 10 C·min -1 , and the desorbed NH 3 was measured by the amount of fragment of m/z = 16 in the quadrupole mass spectra. The nature of OH groups was measured by DRIFTS (diffuse reflectance infrared spectroscopy) using an instrument equipped with an environmental chamber (FTS7000, Digilab). Prior to the experiments, the samples were preheated at 450 C for 1 h in Ar. The DRIFTS spectra were recorded after cooling at 2 cm -1 resolution. All the spectra were normalized at the intensity of skeletal band at 2,000 cm -1 .
The DTO reaction over the catalysts was carried out in a fixed-bed quartz reactor at atmospheric pressure. The sample powder was pressed at 19.6 kN for 30 min, crushed, and sieved in the range 32-44 mesh. A mixture of 0.20 g of the sample and 0.84 g of quartz sand (20-28 mesh) was placed in the reactor and preheated at 550 C in Ar for 1 h. After the preheating, neat DME was fed over the catalyst at 450 C with 5.8 g·h·mol -1 in W/F (mass of the catalyst (g) divided by the feed rate of DME (mol·h -1 )). The product was cooled to 120 C, and C 2 to C 4 olefins were detected using an on-line gas chromatograph equipped with a flame ionization detector (Ar carrier, Shimadzu 8A; Gaskuropack 54 column). The amounts of coke deposited on the catalysts were measured by TG (thermogravimetric) analyses (SII TG/DTA 7200).
The coke amount was defined as the weight difference between 300 C and 800 C.
Results and Discussion
The FE-SEM and TEM (transmission electron microscopy) images of the as-prepared Fe-MFI catalysts are shown in Fig. 1 and the XRD patterns are shown in Fig. 2 . All the Fe-MFI catalysts were identified as a pure MFI-type structure and shaped as spherical with rugged surfaces. The particle sizes of the Fe-MFI catalysts were varied from 50 nm to 600 nm with change in HCl concentration and preheating temperature. The minimum size, 50 nm, for Fe-MFI nanoparticles was successfully controlled in the case of F4. The preheating treatment may make nucleation promote so that the number of crystal nuclei is increased because the particle size was decreased with the increase in preheating time (Fig. 3) . Moreover, a low preheating temperature hinders the growth of crystal nuclei [13] . Therefore, the introduction of low-temperature ageing increased the number of nuclei. On the other hand, the increase in HCl concentration may result in rise of nuclei number, since the higher pH generally promotes the nucleation for oxides particles [14] as well as it enhances the transformation of random T-O-T networks (T: Si, Al, Fe, etc.) into a regular crystal structure [15] (Fig. 4) . However, the number of nuclei reduced at an extremely high pH level because of the increase in the solubility of zeolites [16, 17] so that it reaches the maximum value at a medium pH (HCl/Si = 0.1), that is, the particle size reaches the minimum. This result is consistent with the relationship between the particle size and pH in the synthesis of Silicalite-1 reported previously [18, 19] .
Precise Control in Characteristics of Nano-particulate MFI-Type Ferrisilicate and Their Catalysis in the Conversion of Dimethyl Ether into Light Olefins
The detailed properties of the Fe-MFI catalysts, F1 and F4, are evaluated so that the effects of the particle size will be clarified on the catalytic activity for the DTO reaction. Moreover, their comparison with ZSM-5 (labeled CZ) one prepared by heating NH 4 -formed ZSM-5 was also evaluated as an effect of the difference between the framework cations. The physicochemical properties of those samples are and neighboring Si-OH groups. They must be formed by the hydrolysis of framework Si-O-Si bonds in the first calcination process. This is supported by the fact that the band 280 nm in F1 and F4 catalysts was not observed before the first calcination process (broken line in Fig. 5) , in which the micropores were filled with organic templates. Fig. 6 shows the NH 3 -TPD spectra of these three samples. The peak around 300 C to 400 C can be attributed to the desorption of NH 3 from the samples. Table 2 shows the desorbed amount of ammonia calculated from the peak areas and the amount of trivalent cations measured by XRF. The ammonia Table 1 . desorption amount was roughly consistent with the content of Fe or Al. Therefore, almost all the acid sites were generated by the introduction of Fe 3+ or Al ions. proposed by Niwa et al. [21] . Since the ΔH NH3 of CZ was higher than those of F1 or F4, the acid strength of Fe-MFI was lower than that of ZSM-5. The acid site strengths of F1 and F4 catalysts were almost the same so that the particle size was insignificant in affecting the acid site strength of the Fe-MFI catalyst. Fig. 7 shows the DRIFTS spectra of these three samples in the OH stretching region. First, the absorption band at 3,630 cm -1 (F1 and F4 catalysts) or 3,610 cm -1 (CZ) is attributed to the bridging hydroxyls observed in every sample. These peaks support the presence of acid sites originated from the "Si (OH) Fe" structure. All the samples also possessed the silanol groups due to the presence of the absorption peaks at 3,700-3,750 cm -1 . The absorption in this region consisted of an isolated silanol bond (≡Si-OH) at the surface (at 3,745 cm -1 ) and inside micropores (at 3,726 cm -1 or 3,700 cm -1 ) [22] . The peak for the isolated silanol group in F4 catalyst red-shifted compared to the other samples, indicating the presence of large amounts of isolated silanol groups on the surface of F4. Fig. 8 shows the product selectivity obtained for the fresh catalysts (5 min on stream). F1 and F4 catalysts showed higher light-olefin selectivity (C 2 = + C 3 = + C 4 = ) and lower light-paraffin one (C 2 + C 3 + C 4 ) than those of CZ. The hydride transfer reaction may be suppressed by decrease in the reactivity of carbocations because the olefin-to-paraffin ratio of the Fe-MFI catalyst was higher than that of the ZSM-5 catalyst. As F1 and F4 catalysts also showed higher selectivity to methane than CZ, the Fe-MFI catalysts have higher catalytic activity for the dehydrogenation reaction than ZSM-5. The effect of the particle size of the Fe-MFI catalyst on the product selectivity was negligible in contrast to that of ZSM-5 [10] , possibly because of the decrease in the acidic strength of Fe-MFI.
The changes in the conversion of DME over these three catalysts with time on stream are compared in Fig. 9 . Methanol was regarded as 1/2 of the molecule of unreacted DME. The time when the conversion of DME decreased to 50% was defined as the catalyst lifetime (Table 3) , based on the model proposed by Janssens [23] . F4 catalyst showed a longer catalyst lifetime for the DTO reaction than F1 catalyst. CZ showed the longest lifetime among the three samples. Table 3 also shows the amounts of carbonaceous residues deposited on the catalysts after 1 h or 4 h on stream. The coke amount of F4 catalyst was less than that of F1 catalyst but almost the same as that of CZ. The suppression of coke formation due to the decrease in the particle size results in the promotion of the catalyst lifetime of F4 because the miniaturization of the size of the catalyst facilitated the diffusion of products to the outside of the micropores. The CZ size was larger than F4, but the coke amount was almost the same, since the coke-deposition rate on ZSM-5 may be slower than that of Fe-MFI. Namely, the low activity of the Fe-MFI catalyst in the cracking reaction of higher (C 5 + ) olefins was reported owing to its weak acidity [24] .
Conclusions
Fe-MFI catalysts in the size range 50-600 nm were successfully synthesized through the control of the reaction conditions under the conventional hydrothermal method. The pH with aqueous HCl and the preheating treatment at 70 C resulted in effective decrease in the particle size. 
